Abstract-This study investigated the possibility to increase electric vehicle's energy efficiency with a two-speed gearbox. The evaluation was based on simulations on a midsize electric vehicle model. Simulations were carried out in different driving cycles and optimal gearbox parameters were determined for each driving cycle. In Case 1) efficiency maps were used for the motor and inverter. In Case 2) the inverter efficiency was assumed constant and efficiency map was used only for the electric motor. The energy saving potential in different cycles was determined. The simulation results showed that a two-speed gearbox could improve energy efficiency. The improvement depends on the driving cycle and electric drive characteristics.
I. INTRODUCTION
The growing concern of environment and slowing down the global warming is changing the car fleet. This is a result of tightened European Union (EU) legislation and the change can be seen in whole EU scale and goals has been set to further decrease emissions [1] . Regulations are reasonable, because about one fifth of EU's carbon dioxide emissions are contributed by cars and transportation is the only main sector in which these emissions are still growing [2] . Based on Eurostat statistics [3] it can be stated that the reduction of new registered cars emissions is based on the improved internal combustion engine (ICE) technology. It is clear, that in the future ICE technology will reach its limits and reduction of emissions will saturate. This will lead to increasing need of cars using alternative fuels, such as electricity. One of the major difference between ICE vehicle and electric vehicle (EV) performance is the achieved driving range. Nowadays ICE vehicles have superior range compared to EV.
Improving the range would promote the popularity of EVs. Increased range can be achieved by increasing the battery capacity, but the size, weight and cost set limits for the battery capacity increase. Another way to enhance the performance of EV would be improving the energy efficiency of the vehicle. The key component of an EV is the traction motor and allowing it to operate at its best efficiency would be one way of improving energy efficiency. Traction motors used in EVs' need to provide a sufficient torque for acceleration and hill climbing, and power for high speed cruising. With a suitable motor and reduction gear combination, sufficient driving characteristics are achieved and there is no need for multispeed transmission as in ICE-powered vehicles [4] . In a traction application, electric motor uses a wide speed range and thus it is not operating at its optimal efficiency [5] . These characteristics lead to an idea of two-speed transmission in EV to improve its efficiency by moving the operating point of electric motor to more efficient region.
II. METHODS
The effect of two-speed gearbox in an EV powertrain was evaluated with simulations using a vehicle model developed in Matlab/Simulink environment. The model represented an EV with a single-speed gearbox. The simulation results were compared against actual dynamometer data measured in the Argonne National Laboratory [6] to verify the reference model. The model was developed further by adding a twospeed transmission. Nissan Leaf, a well-known electric vehicle, was chosen to be the reference vehicle of this work, because there were energy consumption data available, the characteristics of the motor are known, and the efficiency maps of motor and inverter were also available. 2012 Nissan Leaf was measured in the Oak Ridge National Laboratory [7] . The measured efficiency maps of the electric motor and inverter were utilized in the vehicle model.
The vehicle model was developed in Matlab/Simulink environment including speed-controller to follow the reference speed defined by the driving cycle. The schematic block diagram of the model is presented in Fig. 1 . The mechanical power required for a corresponding reference speed was determined using the torque and the rotation speed of the electric motor. The actual power demand and energy consumption were determined by dividing the mechanical power by the efficiency of the motor, inverter, and battery. The efficiency of the differential and reduction gear were taken into account at block TR eff (Fig. 1) . The transmission and battery efficiencies were assumed to be constant throughout the study. The motor and inverter efficiencies were defined by the efficiency maps in Case 1. In Case 2, the inverter efficiency was assumed to be a constant. The twospeed gearbox was assumed to have the same efficiency of 0.98 with the single-speed gearbox. The two-speed vehicle weight was increased by 20kg. The auxiliary power demand was set to be a constant.
Different data sources were discovered to find parameters for the model. Grillaert, Pace et al [8] concluded freewheel test for Nissan Leaf, to determine the coefficients for rolling resistance and aerodynamic drag were cr = 0.013 and cd = 0.27. They assumed that the car frontal area equals to 2.5 m 2 . Nissan reports similar official values, e.g. 0.28 for cd [9] . Sherman [10] reported value of 0.32 for cd after wind tunnel tests and frontal area of 2.276 m 2 . The parameters used in the 978-1-5386-1317-7/17/$31.00 ©2017 IEEE simulations are listed in Table 1 . Some parameters were estimated by the authors, such as the motor inertia, because no accurate data was found. The final selection of each parameter was done to achieve the optimal achievable simulation results i.e. energy consumption of the vehicle model matches the measured data in different driving cycles as accurate as possible. The modelling of the motor's efficiency map for the reference model was based on the work of Mahmoudi, Soong et al. [11] . The map that was modelled based on their work was not similar with Nissan Leaf's map therefore the efficiency map was modified by changing the loss coefficients. Fig. 2 presents the measured efficiency map of year 2012 Nissan Leaf motor and inverter combination [12] , and in Fig. 3 shows the modelled combined motor-inverter efficiency map. Fig. 4 shows the efficiency map in Case 2. For the model with two-speed transmission, the gear ratios were determined. Another important variable was the selection of shifting speed i.e. the speed where the second gear is engaged. The optimization of gear ratios and shifting speed were done simultaneously. The optimization goal was to minimize the energy consumption of the vehicle. The optimization was done for different cycles separately, because it was presumable that the gear ratios and shifting speeds vary between cycles. The gear ratios were assumed to be found on both sides of the final drive ratio of the reference model and the shifting speed is assumed to be near the maximum speed of urban driving cycles, which is usually about 15 m/s. To retain the vehicle characteristics i.e. gradeability and top speed, the first gear ratio was assumed to be larger than 7 and the second gear smaller than 7. In the optimization process, speeds from 7 m/s to 18 m/s were swept. 
III. RESULTS AND ANALYSIS
The simulations were carried out in four driving cycles: UDDS, NEDC, HWFET, and WLTP Class 3. Two cases of simulations and gear ratio optimizations were conducted. In Case 1, gear ratios and shifting speeds were found for the configuration that uses efficiencies for the motor and inverter based on the efficiency map. In Case 2, optimizations were carried out for the configuration that inverter has constant efficiency of 0.96 therefore only the efficiency of the motor varied. The efficiency of 0.96 was selected in such a way that the consumption matched with the reference model consumption. Table 2 summarizes the result for Case 1 and optimal gearbox parameters for each cycle. Table 2 shows it is possible to achieve better combined efficiency for the motor and inverter resulting in a lower energy consumption. Although, there was some improvement in energy efficiency, the changes were not significant. The use of two-speed transmission enabled to move operating points of the electric motor and hence to improve the energy efficiency of the EV over a drive cycle. In Fig. 5 and 6 the operating points of UDDS and NEDC cycles are plotted for single-speed and two-speed transmission in Case 1. For both cycles, the maximum rotating speed of the motor was reduced and more torque utilized to produce the power required. As table 2 shows, the motor and inverter were working on a better efficiency and both figures plotting the operating points of motor indicate that the points are more concentrated when two-speed transmission was used. Although the energy consumption was reduced due to a better efficiency, some of the benefit were lost with the increased power demand due to increased weight.
As it can be seen from the Fig. 5 , the operating points at highest power demand were not at the optimal region. This was due to the optimization strategy, which aimed to find the best combination of shifting speed and gear ratios to minimize energy consumption. The high power acceleration took place on the second gear, which obviously caused the operating points to move towards to a higher torque. The optimal use of second gear would be for high-speed cruising, but in this study it was also utilised at urban driving leading to the situation where some of the high-power-demand operating points were no more at the optimal area. The operating points are relatively concentrated as the Fig. 5 and 6 show. Even if the points were more concentrated, the average power line passes the efficiency contours at a lower efficiency. Although the motor and inverter have high level of peak efficiency at high power, it cannot be utilized properly because the power needed is much lower than the maximum power available for the most of the time. To achieve greater benefits with a twospeed transmission, there should be area that has a high efficiency on lower power region. The inverter-motor combination used in this study does not provide a highefficiency region at the low power region. To achieve better result and utilize the operating point shift to higher efficiencies, Case 2 simulations were carried out. In Case 2 the inverter efficiency was set to constant 0.96 and thus the motor efficiency map, Fig 4, is determining. Table 3 shows the results for Case 2 in different cycles and the results are better than in Case 1. As Table 3 shows, the improvement in motor and inverter efficiency was notable and it is above 90 % in all cycles. Fig. 7 and 8 show the motor operation points in the cycles that improved most, namely NEDC and HWFET.
The improvement in terms of motor operating points can be seen from Fig. 7 and 8 . Especially with HWFET, that has higher average power demand, the operating points were moved to area that with efficiency (about 0.95) and the energy consumption was 4 % lower than in the reference. This proved that the operating point shift enabled an improvement in the total efficiency. Another objective was to determine if the use of a twospeed gearbox decreased the energy consumption dependence on the driving cycle. Hence, are the losses of electric motor and inverter would be less dependent on the cycle with twospeed gearbox? This matter was be observed by determining the share of the motor and inverter losses in comparison to the total energy consumption. Fig. 9 and 10 summarize the energy consumption distribution for two cycles in Case 1. The consumption of EV is divided in five separate groups. Mot & inv loss contain the losses contributed by motor and inverter and powertrain loss contain the losses contributed by the reduction gear and differential gear. In the UDDS cycle, their share is one fifth of the total energy consumption and in the HWFET cycle, the share is only a tenth. Some of this difference is due to the difference in total energy consumption but also on the matter that in HWFET the motor is working with 1 % better efficiency with reference model and 2 % better efficiency with two-speed model. Higher speeds and power demand yield higher powertrain efficiency. These results correspond with findings published in [6] .
In all the cycles, the utilization of two-speed gearbox decreased the absolute and the relative energy consumption of the motor and inverter. In Case 1, the absolute losses of motor and inverter decreased most at the UDDS cycle. Similar results were observed in Case 2. In all the cycles, there was a potential to improve the energy efficiency. The improvement potential was higher in Case 2. This was due to the motor efficiency map providing high-efficiency regions at lower power. A strong scattering of operating points resulted to a lesser potential to concentrate operating points at the highefficiency region and thus to lower improvement in efficiency. The highest energy efficiency improvement in the both cases was achieved with the HWFET cycle having higher power demand and operating points concentrated.
IV. DISCUSSION
The results of this study showed the potential of two-speed gearbox utilization to improve EV energy efficiency. In two different cases, an improvement of electric motor and inverter operation efficiency was achieved. In Case 1, the inverter efficiency limited the potential for energy saving, because the most efficient regions of the motor-inverter combination are at high power regions. In the Case 2, the results were more promising, because of a more favorable efficiency map of the electric motor. The type of the efficiency characteristics would influence on the benefit of a two-speed gearbox.
The motor and inverter losses were found to be highly dependent on the driving cycle and powertrain efficiency was higher at higher power and speeds. Hence, the cycles having higher powertrain efficiency with a single-gear, have also more ability to increase efficiency with a two-speed gearbox. This led to a conclusion that the powertrain dependent losses and the differences between cycles would be hard to decrease with a two-speed gearbox using the chosen motor-inverter combination designed for the fixed-gear application.
The possibilities of two-speed gearbox utilization were discovered quite narrowly in this research and only the effect on the traction mode efficiency was considered with a simple gear shifting strategy. The gear shifting strategy could be chosen in a way, that the motor provides always the best efficiency for traction and regeneration. In addition to improving energy efficiency, the gear shifting strategy could be selected to improve driving characteristics and different driving modes could be provided. As a conclusion, the operating points shift is useful in terms of energy efficiency improvement if the high efficiency regions are available at low power regions or the vehicle is operating with a high power demand. Second, although the motor has a high efficiency at low power, the effect of inverter can drastically decrease the efficiency, especially at low power. The best utilization of two-speed gearbox is achieved when a vehicle is operating at high speeds, i.e. when power demand is high. In high speeds with low gear ratio, the motor and inverter operating point can be set at the high efficiency region. With a lower second gear ratio, the speed range required from the motor decreases and the motor characteristics can be changed. With a two-speed gearbox, the energy efficiency on EV can be improved, but the best utilization could be achieved with motor-inverter combination designed to be used with two-speed gearbox.
